We report the generation of small Ni particles by the fragmentation of Ni tips during the growth process of vertically aligned carbon nanotubules at 500°C. A high-voltage transmission electron microscopy study revealed the role of small Ni particles in the secondary growth of carbon nanotubules. The small Ni particles lead to catalytic growth of a large amount of nanobell-like carbon nanotubules ranging from 10 to 20 nm in diameter. Comparison of the Ni tip structure formed at 500°C with that at 620°C suggests that only the proper size of Ni particles can lead to the secondary growth of carbon nanotubules. We propose a phenomenological model for the secondary growth of carbon nanotubules.
I. INTRODUCTION
Since the first report of beautiful transmission electron microscopy ͑TEM͒ images of carbon nanotubes by Iijima in 1991, 1 research on carbon nanotubes in various fields has been carried out intensively because of their unique physical properties and many potential applications. [2] [3] [4] [5] Among various synthesis methods, plasma enhanced chemical vapor deposition [6] [7] [8] [9] ͑PECVD͒ is very useful for growing vertically well-aligned carbon nanotubes with high yield, reducing the growth temperature to below 600°C. However, the poor uniformity in morphology and structure of carbon nanotubes grown by PECVD is the main obstacle to the realization of practical nanoscale devices. In the nucleation and growth of carbon nanotubes by PECVD, transition metal catalysts such as Fe and Ni are essential. 10 The size of the catalytic particle determines the morphology of the carbon nanotubes, while the shape of the metal tip affects the microstructure of the carbon nanotubes. 11 It is well known that metal catalysts play a key role in the formation of carbon nanotubes, but their catalytic behaviors in the growth process remain to be investigated. We report small carbon nanotubules ͑CNTs͒ grown by PECVD at 500°C with vertically aligned large CNTs. To investigate how the small CNTs were grown, we have carried out high-voltage TEM studies on Ni tips, which provided a clue to their growth. The results were also compared with the Ni tip structure formed at 620°C.
II. EXPERIMENT
Acetylene (C 2 H 2 ) and ammonia (NH 3 ) gases were used as a carbon source and a dilution gas, respectively. A thin nickel layer coated on glass by dc magnetron sputtering was used as a substrate. The dc power supply for plasma generation was turned on after a working pressure of 3 Torr was stabilized. The pretreatment for surface etching of the nickel layer was conducted by NH 3 plasma for 4 min. The bias voltage and the flow rate of C 2 H 2 for surface etching were 450 V and 160 SCCM ͑cubic centimeters per minute at STP͒ respectively. The flow rates of NH 3 and C 2 H 2 for the growth of CNTs were 160 and 80 SCCM, respectively. The bias voltage for plasma was 600 V and the substrate temperature changed from 500 to 620°C during the deposition. More details of the synthesis conditions can be found elsewhere. 12 The morphology of grown CNTs was characterized by a Hitachi S-4500 field-emission scanning electron microscope ͑FE-SEM͒ with accelerating voltages of 15 kV. The microstructures of the CNTs were studied with a high-voltage TEM ͑JEM-ARM 1250͒ operated at the accelerating voltage of 1250 kV. Figure 1͑a͒ is a cross-sectional SEM image of CNTs vertically grown on a polycrystalline Ni layer at 500°C. The SEM image shows that small CNTs are grown among larger CNTs. However, most CNTs grown at 500°C are the larger ones and their diameters range from 180 to 250 nm. Figure  1͑b͒ shows a typical TEM image obtained from the CNTs shown in Fig. 1͑a͒ . The disorder is due entirely to the random process of CNT collection on the TEM grid. The TEM image illustrates that the small CNTs shown in Fig. 1͑a͒ are synthesized with relatively short lengths and small diameters a͒ Corresponding author; fax: ϩ82-331-280-9157; electronic mail: gspark@ sait.samsung.co.kr compared to larger CNTs. It was confirmed by energy dispersive x-ray spectrometer analyses that the dark spots at the ends of small CNTs were Ni particles, which supports the hypothesis that the small CNTs grow with catalysis by the Ni particles. The diameters of the small CNTs are in the range of 10-20 nm. Figure 2 provides a high-resolution ͑HR͒ TEM image obtained from the small CNTs shown in Fig. 1͑b͒ , which represents the nanobell-like structure of the small CNTs. 13 The shape of the Ni particles at the end of the small CNTs is spherical and the size of the Ni particles varies from 10 to 13 nm.
III. RESULTS AND DISCUSSION
To investigate how these small CNTs are synthesized with spherical Ni particles, we performed high-voltage ͑HV͒ HRTEM analyses on the Ni tips of the larger CNTs. A typical tip morphology of the larger CNT grown at 500°C is indicated in the inset of Fig. 3͑a͒ . The CNTs have a piled-cone structure, which consists of a graphite layer formed almost parallel to the lateral plane of the triangular Ni tips with flat forefront. This structure is attributed to the reduced atomic mobility of carbon atoms at low growth temperature. The wedge shape of the Ni tip is attributed to the liquidlike behavior 14 at this growth temperature. Figure 3͑a͒ shows a HVHRTEM image obtained at the tip area indicated by an arrow in the inset of Fig. 3͑a͒ . Note that premature CNTs are grown from the forefront surface of a triangular Ni tip. The spherical Ni particles are clearly observed at the end of the CNTs, although the view of the right particle is cut off. The size and shape of the Ni particles are almost the same as those particles shown in Fig. 1͑b͒ and Fig. 2 . In addition, the HVHRTEM image demonstrates that small Ni fragments are generated around the surface area of a Ni tip as indicated by arrows. It is obvious from the observation that the separation of smaller metal particles results from the fragmentation of the top metal tips. Based on these results for CNTs grown at 500°C, we can conclude that smaller Ni particles separate, fall down from the triangular Ni tips onto the substrate, and then act as nucleation sites for the secondary growth of small CNTs. Nucleated CNTs continue to grow by the catalysis of Ni particles until they become the small CNTs shown in Figs. 1͑a͒ and 1͑b͒. However, Fig. 3͑a͒ shows that small Ni particles remain around triangular Ni tips. This is attributed to the fact that the small Ni particles are generated at the final stage of CNT growth.
The typical Ni tip morphology of the CNT grown at 620°C is also given in the inset of Fig. 3͑b͒ to be compared with that of the CNT grown at 500°C. It is easy to see that the forefront of the Ni tip is pointed like an arrowhead, whereas the Ni tip synthesized at 500°C ͓Fig. 3͑a͔͒ is flat. In addition, both the tube diameter and the size of the Ni tip are smaller than those of the Ni tip synthesized at 500°C. It has been reported that the size and shape of Ni tips were largely dependent on the growth temperature.
12 Figure 3͑b͒ shows a HVHRTEM image obtained from two Ni tips synthesized at 620°C. Compared with the Ni tips synthesized at 500°C, far more fragments, mixed with a very thin layer of amorphous carbon, are found at the forefront area of the two Ni tips, as indicated by arrows. However, the size of the fragments is about 2.5-4 nm, smaller than the Ni particles shown in Fig.  2 and Fig. 3͑a͒ . In addition, the secondary growth of CNTs caused by the Ni particles is scarcely observed in the CNTs grown at 620°C, while it can be easily observed in the CNTs grown at 500°C. These facts suggest that only the proper size of Ni particles leads to the secondary growth of CNTs; this can be explained by the limitation to very small Ni particles of the catalytic reaction of C 2 H 2 causing secondary growth of CNTs.
Based on the observation of CNTs grown at 500°C, we propose a model of the secondary growth of CNTs as indicated in Fig. 4 . Ni particles are formed from the Ni layer during NH 3 pretreatment. A graphite layer is formed from carbon atoms decomposed from the acetylene (C 2 H 2 ) gas and the Ni particles are lifted up from the Ni layer. Carbon atoms diffuse to the bottom of a Ni tip through the surface, leading to the growth of typical CNTs. The diffusion of carbon atoms produces a large strain in the Ni tip, resulting in the fragmentation of the Ni tip at its surface. The plasma power assists in generating small Ni particles by accelerating the fragmentation of the Ni tip. Small Ni particles drop from the Ni tip and then act as nucleation sites for the secondary growth of CNTs. Finally, the secondary growth of CNTs with a nanobell-like structure is complete.
IV. SUMMARY
The secondary growth of CNTs by plasma enhanced CVD is observable at the growth temperature of 500°C. The forefront of a triangular Ni tip synthesized at 500°C shows small Ni fragments and premature CNTs. The experimental evidence supports the hypothesis that small Ni particles are generated by the fragmentation of the Ni tips and used to catalyze the secondary growth of CNTs. Moreover, the comparison of the Ni tip structure formed at 500°C with that at 620°C suggests that only the proper size of Ni particles can lead to secondary growth of CNTs. The phenomenological model proposed above for the secondary growth of CNTs provides quite important information for precise control of the size and structure of CNTs formed at low growth temperature. 
